Abstract. The acoustic neutrino detection technique is a promising approach for future large-scale detectors with the aim of measuring the small expected flux of neutrinos at energies in the EeV-range and above. The technique is based on the thermo-acoustic model, which implies that the energy deposition by a particle cascade -resulting from a neutrino interaction in a medium with suitable thermal and acoustic properties -leads to a local heating and a subsequent characteristic pressure pulse that propagates in the surrounding medium. Current or recent test setups for acoustic neutrino detection have either been add-ons to optical neutrino telescopes or have been using acoustic arrays built for other purposes, typically for military use. While these arrays have been too small to derive competitive limits on neutrino fluxes, they allowed for detailed studies of the experimental technique. With the advent of the research infrastructure KM3NeT in the Mediterranean Sea, new possibilities will arise for acoustic neutrino detection. In this article, results from the "first generation" of acoustic arrays will be summarized and implications for the future of acoustic neutrino detection will be discussed.
Introduction
Measuring acoustic pressure pulses in huge underwater acoustic arrays is a promising approach for the detection of ultra-high-energy (UHE, E ν 10 9 GeV) neutrinos. These are expected to be produced in interactions of cosmic rays with the cosmic microwave background [1] . The pressure signals are produced by the particle showers that evolve when neutrinos interact with nuclei in water. The resulting energy deposition of the hadronic cascade within a cylindrical volume of a few centimetres in radius and several metres in length leads to a local heating of the medium, see e.g. [2] and references therein.
According to the so-called thermo-acoustic model [3] , the energy deposition of particles traversing liquids leads to a local heating of the medium which can be regarded as instantaneous with respect to the hydrodynamic time scales. Due to its temperature change, the medium expands or contracts according to its bulk volume expansion coefficient. The accelerated motion of the heated medium generates a pulse whose temporal signature is bipolar with a spectrum peaking around 10 kHz, propagating through the medium. Coherent superposition of the elementary sound waves, produced over the cylindrical volume of the energy deposition, leads to a propagation within a flat disk-like volume, often referred to as "pancake", in the direction perpendicular to the axis of the particle shower. The e-mail: robert.lahmann@fau.de main advantage of using sound for the detection of neutrino interactions, as opposed to Cherenkov light, lies in the much longer attenuation length of the former type of radiation -several kilometres for sound compared to several tens of meters for light in the respective frequency ranges of interest in sea water.
In addition to water and ice, which is the medium of acoustic detection test experiments presently or recently conducted, acoustic detection in salt domes [4, 5] and in permafrost [6] has been discussed. In this article, the detection of neutrinos in sea water will be discussed, with an emphasis on the achievements so far and the lessons learned for the future. Discussions on neutrino detection in fresh water and ice can be found in [7] and [8] , respectively.
Sound in water and acoustic neutrino detection
Two processes must be understood to asses the potential of acoustic neutrino detection: The conversion of the energy released by a neutrino interaction into a detectable acoustic signal and the attenuation of the resulting sound wave in the medium.
Acoustic signal:
For a simplified analytic derivation it can be assumed that the shower energy in the plane perpendicular to the direction of the incoming neutrino is described by a Gaussian distribution with standard deviation σ ρ . If the total energy deposited in the hadronic shower is denoted by E 0 , then p max , i.e. half the peak-to-peak amplitude of the bipolar pulse -measured as a function of time at a fixed distance in the far field -is given by
where the dimensionless quantity γ G ≡ v 2 s α/c p is the Grüneisen parameter, which depends on the speed of sound v s , the bulk volume expansion coefficient α and the specific heat capacity at constant pressure c p . For a derivation, see [9] or e.g. [10] and references therein. In Fig. (1) , the Grüneisen parameter is shown for several bodies of water. For the Mediterranean Sea, its value is quite favourable for acoustic neutrino detection, basically due to its relatively high temperature of ∼13
• C even at great depth. For Lake Baikal, while otherwise well suited for acoustic neutrino detection, the Grüneisen parameter is small since in the deep zone of the lake, the water temperature is only 1.5 − 2
• C higher than the maximum density at the respective depth [11] . Reflected by the Grüneisen parameter is the temperature change vs. depth in the top layers of the respective bodies of water. For greater depth, where the temperature gradient becomes small, the Grüneisen parameter basically follows the profile of the speed of sound, which increases almost linearly with depth due to the increasing pressure. The temperature profile for the Mediterranean Sea and tropical ocean waters is shown in Fig. (2) .
Attenuation:
Attenuation in distilled water is caused by viscous absorption and is proportional to the square of the frequency of the sound wave. In sea water, in addition ionic relaxation of chemical compounds solved in the water contributes. The latter effect is due to the dependence of the association dissociation process of the chemical compounds on temperature and pressure [12] .
The frequency-dependent attenuation of sound in water is shown in Fig. (3) . Although NaCl is the principal constituent of salt in sea water and magnesium sulphate MgSO 4 only amounts for a fraction of 4.7 % by weight of the total dissolved salts in sea water, the latter dominates the absorption process for frequencies above a few kHz, up to about 100 kHz [13] , i.e. in the region relevant for acoustic detection. The absorption length at the ANTARES site is about 5 km at 10 kHz, compared to about 100 km for distilled water. Clearly, if conditions provide for Grüneisen parameters of equivalent size, fresh water is superior to sea water for acoustic neutrino detection as it allows to survey a larger volume with the same number of sensors 1 .
Results of the "first generation" of acoustic neutrino test setups
Current or recent test setups for acoustic neutrino detection have either been add-ons to optical neutrino telescopes or have been using acoustic arrays built for other purposes, typically for military use. The acoustic sensors are based on the piezoelectric effect [15] and O(10) of these sensors have been installed in the respective setups. An overview of these "first generation" experiments in sea water -and for completeness also in fresh water and ice -that are currently taking data or have done so until recently is given in Table 1 . Details on the experiments can be found in the references given in the table. At the writing of this article, only SPATS and the Lake Baikal experiment were still taking data 2 .
Limits on the flux of UHE neutrinos have been derived by the SPATS [16] , SAUND [17] and ACoRNE [18] experiments. While the size of the experiments is too small to derive competitive limit, it could be shown that the tools and techniques for setting such limits for acoustic neutrino detection are in place. [19, 20] South Pole Ice 80 IceCube Lake Baikal [7] Lake Baikal Fresh Water 4 Baikal Neutrino Telescope OνDE [21] Mediterranean Sea (Sicily) Sea Water 4 NEMO AMADEUS [22] Mediterranean Sea (Toulon) Sea Water 36 ANTARES ACoRNE [23] North Sea (Scotland) Sea Water 8 Rona military array SAUND [24] Tongue of the Ocean Sea Water 7/49 ( )
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( ) The number of hydrophones was increased from 7 in SAUND-I to 49 in SAUND-II To assess the potential for acoustic neutrino detection in a given natural body of water, ambient noise and transient background at the site have to be investigated. As a next step beyond setups of the "first generation", the KM3NeT infrastructure, currently under construction in the Mediterranean Sea, will allow for investigations of acoustic neutrino detection in a volume of several cubic kilometres of sea water [25] . The KM3NeT neutrino telescope [26] will comprise a huge array of acoustic sensors for position calibration that can be used for further studies of neutrino detection. Concepts employing fibre-based hydrophones as an alternative to piezo-based sensors for a potential future extension to KM3NeT are discussed elsewhere [27] .
Studies of the conditions in the Mediterranean Sea, as performed by the OνDE and AMADEUS experiments, provide input for simulations for KM3NeT and beyond. The ambient noise is broadband and is mainly caused by agitation of the sea surface [28] , i.e. by rain, wind, breaking waves, spray, and cavitations. It is predominantly the ambient noise that determines the energy threshold for neutrino detection. The ambient noise was measured to be low and stable by the OνDE [21] and AMADEUS [29, 30] experiments, and was found to be generally favourable for the operation of an acoustic neutrino detector.
Transient noise signals have short duration and an amplitude exceeding the ambient noise level. When of bipolar shape, these signals can mimic pulses from neutrino interactions. Sources of such signals can be anthropogenic, e.g. shipping traffic, or marine fauna. In particular dolphins emit short signals with a spectrum similar to that of acoustic emissions from neutrino interactions.
The transient background, as measured at the ANTARES site, has a relatively high rate. It is essential to reduce this background completely in order to measure the low expected rate of UHE neutrinos. A strong background reduction is already achieved with methods developed with AMADEUS [31] . Machine learning algorithms are used to identify bipolar pulses. Furthermore, events that are spatially and temporally clustered are discarded, as neutrinos are unlikely to produce several signals from one position within a short period of time. For further reduction it is essential to use the pancake shape of the signal as a selection criterion. This is not possible with AMADEUS due to its small size -such investigations can be pursued with the acoustic array of the KM3NeT detector [32] .
In order to reduce the recorded data volume, the AMADEUS system employs an online pulseshape-recognition trigger which is sensitive to the bipolar pulse expected from neutrino interactions [22] . This trigger selects events with a wide range of shapes. Improving the online selection may lead to a reduction of the signal-to-noise ratio of the data available for offline analysis, which would be an important step towards reducing the energy threshold for neutrino detection and thereby improving the sensitivity of a potential future acoustic neutrino telescope.
Conclusions and outlook
Acoustic arrays of the "first generation", either existing military acoustic arrays or additions to Cherenkov neutrino telescopes, have been used to investigate neutrino detection methods. Their sizes are far too small to yield competitive limits on the flux of UHE neutrinos but they allow for the investigation of experimental techniques for a future acoustic neutrino detector and for the investigation of background conditions for feasibility studies.
In the Mediterranean Sea, the KM3NeT neutrino telescope is currently under construction. It will comprise a system for acoustic position calibration of its optical sensors which can also be used for investigations towards acoustic neutrino detection. This would be an intermediate step towards an even bigger acoustic detector for UHE neutrinos. New concepts, in particular fibre-based hydrophones, can be used in the long run to further increase the instrumented volume of KM3NeT beyond the volume instrumented for optical detection, see [27] and references therein.
